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Summary
Vesicular pathways coupling the neuromuscular junc-
tion with the motor neuron soma are essential for neu-
ronal function and survival. To characterize the organ-
elles responsible for this long-distance crosstalk, we
developed a purification strategy based on a fragment
of tetanus neurotoxin (TeNT HC) conjugated to para-
magnetic beads. This approach enabled us to identify,
among other factors, the small GTPase Rab7 as a func-
tional marker of a specific pool of axonal retrograde
carriers, which transport neurotrophins and their
receptors. Furthermore, Rab5 is essential for an early
step in TeNT HC sorting but is absent from axonally
transported vesicles. Our data demonstrate that
TeNT HC uses a retrograde transport pathway shared
with p75NTR, TrkB, and BDNF, which is strictly depen-
dent on the activities of both Rab5 and Rab7. There-
fore, Rab7 plays an essential role in axonal retrograde
transport by controlling a vesicular compartment
implicated in neurotrophin traffic.
Introduction
Neurons represent the ultimate example of polarized
cells. The maintenance of their unique morphology,
which is based on axonal and dendritic arborization, is
necessary for neuronal function and requires a complex
network of trafficking pathways to allow efficient com-
munication over long distances (Goldstein and Yang,
2000). Axonal transport constitutes the backbone of
long-range crosstalk in neurons and is essential for their
survival and differentiation. One of the most convincing
demonstrations of the crucial role of axonal transport in
neuronal homeostasis is the causal link between defects
in this process and neurodegeneration (Holzbaur, 2004).
In particular, key components of retrograde transport
routes, which are responsible for the targeting of neuro-
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5 These authors contributed equally to this work.trophins and their survival signals to the soma, have
been associated with motor neuron disease in humans
and mice (Hafezparast et al., 2003; Puls et al., 2003).
Despite the importance of these axonal compartments,
little is known about their nature and the machinery reg-
ulating retrograde transport in neurons.
To date, few attempts to purify axonal retrograde
transport compartments have been carried out. Re-
cently, Delcroix et al. have provided a preliminary char-
acterization of Trk-positive signaling endosomes, which
contain activated Erk1/2, p38, and Akt, using a sciatic
nerve chamber approach (Delcroix et al., 2003). In addi-
tion, several signaling proteins triggered by nerve injury
and undergoing retrograde transport have been identi-
fied by a proteomic analysis in Lymnaea (Perlson et al.,
2004). Here, we sought to characterize the axonal retro-
grade compartment of spinal cord motor neurons (MN)
by setting up a purification protocol based on paramag-
netic iron beads (Fe beads) covalently bound to a frag-
ment of tetanus neurotoxin (TeNT HC). TeNT HC binds
with high affinity to MN and is endocytosed by a specific
clathrin-dependent pathway linked to a retrograde route
to the central nervous system (Deinhardt et al., 2006;
Roux et al., 2005). TeNT HC axonal carriers do not accu-
mulate acidic tracers but rather display a neutral pH
(Bohnert and Schiavo, 2005). Furthermore, the progres-
sion of TeNT HC carriers along axons requires the coor-
dination of both, cytoplasmic dynein, a microtubule-
based motor, and myosin Va, an F actin-based motor
(Hafezparast et al., 2003; Lalli et al., 2003). In spite of
the above findings, several questions remain unan-
swered about the nature of these axonal carriers, their
biogenesis, and targeting to the soma.
In this report, we demonstrate that TeNT HC enters
a retrograde pathway shared by neurotrophins and their
receptors. We then focus our studies on the role of two
proteins emerging from our magnetic isolation ap-
proach, the small GTPases Rab5 and Rab7. Rab pro-
teins have been shown to play crucial functions in the
regulation of intracellular transport (Zerial and McBride,
2001) and in determining cargo progression through the
endosomal system (Rink et al., 2005). Here we show that
Rab5 and Rab7 act in a sequential manner in controlling
an axonal retrograde transport pathway in MN. In partic-
ular, Rab7 is associated with a pool of retrograde car-
riers in MN and dorsal root ganglia (DRG) neurons, sug-
gesting that TeNT HC and neurotrophin receptors use
Rab7-positive organelles to be actively transported
toward the soma.
Results
TeNT HC Is Transported along the
Neurotrophin Route
TeNT HC is internalized at the NMJ and then specifically
targeted to the retrograde transport route toward the
MN soma, entering vesicular carriers with unknown
physiological function. Previous studies had demon-
strated that TeNT HC is cotransported with NGF in MN
axons (Lalli and Schiavo, 2002). Here, we asked whether
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294Figure 1. TeNT HC and Neurotrophin Recep-
tors Share Axonal Retrograde Carriers
MN were incubated with (A) Alexa 488-TeNT
HC and Cy3-labeled anti-p75
NTR(EC) or (B)
microinjected with TrkB-GFP and then incu-
bated with Alexa 647-TeNT HC and Cy3-
labeled anti-p75NTR(EC) for 30 min and
imaged. Individual frames from a confocal
time series are shown. Cell bodies are lo-
cated out of view to the right. Arrows and ar-
rowheads point out TeNT HC carriers positive
for the neurotrophin receptors. See also
Movie S1. (C) Western blot analysis of
BDNF-GFP. BDNF-GFP-TEV-His6 (10 ng)
was purified from HEK293 conditioned me-
dium with Ni-NTA agarose beads and loaded
on a 10% SDS-PAGE together with recombi-
nant BDNF (20 ng) and an extract of HEK293
cells expressing GFP-TEV-His6 (GFP). Identi-
cal panels were probed with anti-BDNF (left)
or anti-GFP (right) antibodies. (D) The biolog-
ical activity of BDNF-GFP was assessed by
testing its ability to activate CREB in TrkB-
RFP-expressing PC12 cells. PC12 cells were
transfected with a plasmid encoding TrkB-
RFP for 24 hr and incubated for 1 hr with
partially purified BDNF-GFP from HEK293 su-
pernatant, fixed, stained for phospho-CREB
(p-CREB), and imaged. Scale bar, 10 mm. (E)
TrkB-RFP expressing MN were incubated
with partially purified BDNF-GFP for 30 min
on ice. MN were washed, warmed up, and
imaged. (F) MN were incubated with Cy3-
labeled anti-p75NTR(EC), Alexa 647-TeNT
HC, and BDNF-GFP for 30 min on ice,
washed, warmed to 37C, and imaged. Indi-
vidual frames of a movie are shown. The cell
bodies are located out of view to the right.
Arrows point out a TeNT HC carrier positive
for the neurotrophin and p75NTR. Scale bars,
5 mm.this compartment is a general neurotrophin transport
compartment and investigated whether it is shared
with other neurotrophins, such as BDNF, and their re-
ceptors, p75NTR and Trks. Of the Trk receptors, only
TrkB and -C are expressed in MN at early developmental
stages (Yan et al., 1993, and data not shown), implying
that p75NTR might be the only NGF receptor in this cellu-
lar system. Therefore, we raised an antibody against the
extracellular domain of p75NTR [anti-p75NTR(EC)], which
specifically recognized p75NTR (see Figures S1B–S1D in
the Supplemental Data available online) but did not elicit
receptor transport (Figure S1E). In contrast, this p75NTR
antibody was actively transported in MN upon stimula-
tion with NGF (Figure S1F) or TeNT HC (Figure S1G).
The kinetic of appearance of moving organelles contain-
ing p75NTR closely overlapped with that of TeNT HC-
positive structures, with carriers becoming clearly
visible after 45 min of internalization. Interestingly, MN
incubated with anti-p75NTR(EC) and TeNT HC showed
a high frequency of double-positive carriers (95.6%
overlap, n = 118 carriers) (Figures 1A and S1H).To assess whether Trk receptors are also sorted to
this transport compartment, we microinjected a plasmid
encoding for TrkB-GFP in MN and visualized the traffick-
ing of this fusion protein in relation to TeNT HC and anti-
p75NTR(EC). In MN expressing TrkB-GFP, the vast ma-
jority of TeNT HC carriers were positive for all three
markers (95.5% overlap, n = 88 TeNT HC carriers) (Fig-
ure 1B and Movie S1), implying that p75NTR and TrkB
are transported along the MN axon within the same
organelle, accessible to TeNT HC. This result was con-
firmed by the colocalization in axonal carriers of TeNT
HC and endogenous TrkB using a TrkB-specific anti-
body (data not shown). The notion that p75NTR and Trk
receptors enter the same endosomal structures at late
time points (R30 min) is in agreement with a previous
report showing the accumulation of TrkA and p75NTR
in common perinuclear organelles upon neurotrophin
stimulation in PC12 cells (Bronfman et al., 2003). Finally,
we asked whether the physiological ligand for TrkB,
BDNF, could also enter these carriers. For this purpose,
we expressed a tagged version of BDNF-GFP in HEK293
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295Figure 2. Rab7 Is Associated with TeNT HC
Carriers Purified by Magnetic Isolation
(A) TeNT HC-coupled Fe beads labeled with
Alexa 488 were internalized in mouse MN
(DIV6) and imaged by low-light time-lapse
fluorescence microscopy. Inverted time se-
ries images acquired every 5 s are shown.
The cell body is visible at the bottom (see
Movie S2). Scale bar, 10 mm.
(B) Fe beads coupled with the PH domain of
cytohesin I (mock beads) or with TeNT HC
were incubated with MN (DIV6) isolated
from 25 mouse embryos. Detergent-free MN
extracts were used for the magnetic purifica-
tion, and protein bands were analyzed by
mass peptide fingerprint using a MALDI
TOF-TOF analyser (see Table S1; NI, non-
identified band).
(C) Similar samples obtained from MN cul-
tures derived from 16 rat spinal cords were
subjected to Western blot and probed with
the antibodies indicated. The input lanes cor-
respond to 1% of postnuclear supernatant of
each sample blotted for Rab5.
(D and E) After internalization of TeNT HC for
60 min at 37C, MN were fixed and immuno-
stained for endogenous Rab5 (D) or Rab7
(E). TeNT HC and Rab5 or TeNT HC and
Rab7 colocalized in axonal puncta (arrows).
Scale bar, 5 mm.cells. This fusion protein, which was recognized by both
anti-BDNF and anti-GFP antibodies (Figure 1C), is bio-
logically active, since it was able to induce CREB phos-
phorylation in PC12 cells (Figure 1D). Moreover, binding
of BDNF-GFP to MN was enhanced by overexpression
of TrkB (Figure 1E), whereas it was negligible in copuri-
fied nonneuronal cells (data not shown), suggesting that
the interaction of BDNF-GFP with the MN surface was
specific. Upon incubation of MN with BDNF-GFP, anti-
p75NTR(EC), and TeNT HC, we found that most of the
TeNT HC carriers were positive for anti-p75
NTR(EC) and
BDNF-GFP (90.1% overlap, n = 71 TeNT HC carriers)
(Figure 1F). Altogether, these observations strongly sug-
gest that TeNT HC is retrogradely transported along the
neurotrophin/neurotrophin receptor transport route in
MN axons.
Isolation of Axonal Retrograde Carriers using TeNT
HC-Conjugated Magnetic Beads
To further characterize these axonal carriers, we chose
a purification protocol based on TeNT HC coupled to
magnetic nanobeads (Fe beads). First, we verified that
immobilized TeNT HC conserved the binding and trans-port properties of the unconjugated protein. For this, we
prepared a traceable version of the magnetic particles
by using Alexa 488-TeNT HC. TeNT HC-coupled Fe
beads bound specifically to discrete puncta on the sur-
face of MN (Figures S2A–S2D). Exploiting the high elec-
tron density of these beads, we were able to monitor
their entry in vesicular or tubular structures along the
axon by EM (Figures S2G–S2J). Larger organelles con-
taining internal membranes were also labeled, although
at lower frequency (Figures S2E and S2F). In addition,
TeNT HC Fe beads were transported in a retrograde
fashion along the axon, as shown by time-lapse micros-
copy (Figure 2A and Movie S2), indicating that TeNT
HC-coupled Fe beads are targeted to tubulo-vesicular
organelles in spinal cord MN, as previously reported
for unconjugated TeNT HC (Lalli et al., 2003). In contrast,
Fe beads bound to an unrelated protein, the cysteine-
tagged pleckstrin-homology (PH) domain of cytohesin
I (mock Fe beads), did not bind to MN nor underwent
retrograde transport under these conditions (data not
shown).
For a proteomic characterization of these axonal car-
riers, spinal cord MN (5–7 days in vitro [DIV5–7]) were
Neuron
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cally disrupted in detergent-free medium, and the result-
ing extracts passed through a high magnetic field de-
vice. The proteins recovered with either TeNT HC or
mock Fe beads were then analyzed by SDS-PAGE.
Comparison of the silver-stained gels allowed the iden-
tification of 17 major specific bands (Figure 2B), which
gave 16 unique protein sequences by MALDI TOF-
TOF. The experiment was repeated with TeNT HC Fe
beads prepared independently, and 9 proteins out of
16 identified sequences were identical in both experi-
ments. The proteins identified by this approach belong
to three functional classes: signaling (2), vesicular trans-
port/cytoskeleton (7), and chaperones/translocation (5)
(Table S1). Although most of the proteins associated
with the TeNT HC carriers are likely to play a role in axo-
nal transport based on their known function in other sys-
tems, for the scope of this work we focused on the small
GTPase Rab7, due to its pleiotropic roles in regulating
the endosomal pathway and the emerging link with pa-
thologies of the nervous system (Houlden et al., 2004;
Verhoeven et al., 2003). The specific recruitment of
Rab7 to TeNT HC carriers was verified by Western blot
analysis of the purified beads (Figure 2C). As predicted,
both p75NTR and endogenous TrkB were associated
with TeNT HC carriers, confirming the notion that TeNT
HC enters the neurotrophin receptor transport route
(Figure 1). Erk1/2 and phospho-Erk1/2 were also de-
tected on TeNT HC beads, suggesting that these endo-
somes may have signaling capability (Figure 2C). In ad-
dition, we found that TeNT HC beads bound Rab5,
a small GTPase of the endocytic pathway, which acts
upstream of Rab7 (Zerial and McBride, 2001). The inter-
action of Rab5 and Rab7 with TeNT HC-containing
organelles was confirmed by immunofluorescence,
showing that TeNT HC-positive structures partially colo-
calized with endogenous Rab5 (29.6% of the total;
Figure 2D) and Rab7 (28.2%; Figure 2E) in MN axons.
This level of colocalization was well above that observed
for Rab3, a Rab protein involved in a distinct exo-endo-
cytic pathway in neurons (7.0%; Table S2), suggesting
that Rab5 and Rab7 specifically bound to a pool of
TeNT HC-containing organelles.
Rab5 Regulates an Early Sorting Step Preceding
Axonal Transport
Rab GTPases and their effectors are primary determi-
nants of compartmental specificity in eukaryotic cells.
In the endocytic pathway, Rab5 and Rab7 act in a
sequential manner (Rink et al., 2005; Vonderheit and
Helenius, 2005), with Rab5 controlling early step(s),
including clathrin-dependent endocytosis, targeting of
cargoes to early endosomes, and endosome fusion.
Rab7 instead acts at later stages, regulating cargo pro-
gression from early to late endosomes (Pfeffer, 2003;
Zerial and McBride, 2001). Interestingly, Rab5 has
been suggested to be associated with neurotrophin sig-
naling endosomes (Delcroix et al., 2003). Therefore, we
decided to first explore a potential role of Rab5 in
TeNT HC transport.
Live imaging of GFP-Rab5wt-expressing MN revealed
that Rab5wt concentrated in bright puncta along the
axon. These structures were stationary or displayed lo-
calized short-range movement (Figure 3A and MovieS3). As an alternative representation of the time-lapse
analysis, a kymograph was generated through drawing
a line along the axon and stacking pixels derived from
subsequent frames of the video as a function of time
(Figure 3B). Stationary compartments appear as a verti-
cal line in the resulting diagram (e.g., dotted lines in
Figure 3B), while moving carriers are represented by di-
agonal traces (e.g., dotted lines in Figure 4B). The angle
of these traces is proportional to the speed and direction
of the moving organelle. The representative kymograph
in Figure 3B showed that no GFP-Rab5wt-positive com-
partments underwent long-range transport in MN
axons. Furthermore, analysis of TeNT HC transport in
GFP-Rab5wt-expressing neurons showed that many os-
cillatory TeNT HC vesicles were positive for GFP-Rab5
wt
(Figure 3C, asterisks), whereas carriers undergoing
long-range retrograde axonal transport did not contain
GFP-Rab5wt (Figure 3C, arrow and arrowhead, and
Movie S4).
To further investigate whether Rab5 activity plays
a functional role in the sorting of TeNT HC to the retro-
grade transport route, we expressed the constitutive-
active (GFP-Rab5Q79L) and dominant-negative (GFP-
Rab5N133I) forms of Rab5 in MN. Overexpression of
either wild-type Rab5 or its Rab5Q79L mutant did not
alter the transport-speed profile of TeNT HC vesicles
(Figure S3A) and had no obvious effect on the frequency
of transported carriers. The GFP-Rab5Q79L mutant is
fully functional in MN, since it induced the appearance
of enlarged endocytic structures in the soma and den-
drites (Figure S4A), as previously shown in nonneuronal
cells (Stenmark et al., 1994). However, no swollen endo-
somes could be found in axons (Figure S4B). This differ-
ence may be due to the absence of the Rab5 effector
EEA1 from MN axons (Figure S4C, arrow), a finding re-
ported in hippocampal neurons (Wilson et al., 2000). In
contrast to GFP-Rab5Q79L, which did not affect TeNT
HC trafficking, overexpression of the dominant-negative
mutant GFP-Rab5N133I in MN completely abolished ret-
rograde transport of TeNT HC (Figure 3E). To monitor
cell viability at the time of imaging, MN were stained
with tetramethylrhodamine ethyl ester (TMRE), a dye
that accumulates in mitochondria with an intact mem-
brane potential. As shown in Figure 3F, TMRE uptake
and mitochondria movement were unaffected, confirm-
ing the specificity of the inhibition. Since Rab5 has been
involved in early steps of endocytosis (Bucci et al., 1992;
McLauchlan et al., 1998), we tested whether the TeNT HC
pathway was already impaired at the stage of cell entry
in MN expressing GFP-Rab5N133I. MN were incubated
with a disulfide-linked biotin-TeNT HC conjugate and
then treated with a membrane-impermeable reducing
agent in order to eliminate biotin from the surface-bound
toxin (Deinhardt et al., 2006). As shown in Figure 3D,
biotin staining persisted in GFP-Rab5N133I-expressing
MN, indicating that Rab5 activity is not essential for
TeNT HC uptake but is required for a subsequent step
preceding the onset of fast axonal retrograde transport.
Rab7 Regulates Long-Range Retrograde Axonal
Transport in MN
Next, we investigated the involvement of Rab7 in TeNT
HC transport. Similarly to GFP-Rab5
wt, GFP-Rab7wt con-
centrated in bright puncta along MN axons (Figure 4A).
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297Figure 3. Rab5 Displays Local Movement in
MN Axons and Regulates an Early Event in
TeNT HC Trafficking
GFP-Rab5wt displays a punctuate pattern
along axons (A) and is mainly found in station-
ary vesicles (A and B). Shown are individual
frames from a confocal time series of GFP-
Rab5wt in a MN axon (A) and the correspond-
ing kymograph (B). Dotted lines indicate two
examples of oscillating GFP-Rabwt puncta.
The MN soma is out of view to the right. See
also Movie S3. (C) GFP-Rab5wt and TeNT HC
colocalize on stationary structures in MN
axons. Individual frames from a confocal
time series displaying dual-positive GFP-
Rab5wt and Alexa 555-TeNT HC still compart-
ments (asterisks) and Alexa 555-TeNT HC
moving carriers (arrows and arrowheads)
are shown. The MN soma is out of view to
the right. See also Movie S4. (D) TeNT HC in-
ternalization is not blocked by GFP-Rab5N133I
overexpression. MN were microinjected with
a plasmid encoding GFP-Rab5N133I, and after
20 hr of expression incubated with biotiny-
lated TeNT HC, MESNA-treated, fixed, and
stained for remaining biotin. (E and F) Rab5
activity is required for TeNT HC transport.
MN expressing GFP-Rab5N133I were incu-
bated with Alexa 647-TeNT HC (E) and
TMRE (F) and imaged. Shown are the kymo-
graphs of the individual channels. Selected
optical sections of axons are shown on top
of the kymographs. The soma is located out
of view to the right. Scale bars, 5 mm; in (D),
20 mm.However, in contrast to GFP-Rab5wt-positive organ-
elles, the majority of GFP-Rab7wt puncta displayed
long-range bidirectional movement, which was strongly
retrogradely biased (Figure 4B and Movies S5 and S6).
Many TeNT HC carriers (43% of the total) were also pos-
itive for GFP-Rab7wt (Figure 4C and Movie S6), and even
though GFP-Rab7wt showed bidirectional movement in
the axon, this subset of double-positive organelles
was exclusively moving in the retrograde direction. Ex-
pression of GFP-Rab7wt did not alter TeNT HC transport,
since the speed distribution of TeNT HC carriers in MN
expressing GFP-Rab7wt was similar to that seen in con-
trol cells (Figure S3B).
Kinetic analysis showed that GFP-Rab7wt/TeNT HC
carriers were characterized by a relatively slow speed
ranging between 0.2 and 1.2 mm/s (Figure 4D, gray
bars), which matched the overall speed profile of GFP-
Rab7wt vesicles (data not shown). The speed distribu-
tion of the GFP-Rab7wt/TeNT HC organelles and the
entire pool of TeNT HC vesicles (Figure 4D) were further
analyzed by applying a multiple Gaussian curve fit. As
reported previously (Hafezparast et al., 2003; Lalli
et al., 2003), the speed profile of these carriers is best
described by the sum of three components centered
at 0 mm/s (stationary/pausing), 0.53 mm/s (intermediate),
and 1.15 mm/s (fast). Analysis of the contribution of these
speed components to the overall retrograde transport
revealed that the entire intermediate component of
TeNT HC carriers was positive for GFP-Rab7
wt, whereasonly 40% of the fast component was double positive
(Figure S3C, gray bars). These results demonstrated
that Rab7 is targeted to a discrete population of axonal
retrograde carriers characterized by distinct kinetic
properties.
To investigate the functional significance of Rab7 on
TeNT HC carriers, we expressed the constitutive-
active (GFP-Rab7Q67L) and dominant-negative (GFP-
Rab7N125I) mutants in MN. As for Rab5, expression of
the wild-type or constitutive-active Rab7 had no obvi-
ous effects on organelle trafficking. TeNT HC partially
codistributed with GFP-Rab7Q67L both in cell bodies
and axons (Figures S4D and S4E), and TeNT HC axonal
carriers displayed a speed profile overlapping that of
control cells (Figure S3B). In contrast, the axonal trans-
port of TeNT HC was blocked upon GFP-Rab7
N125I
expression (Figure 4E and Movie S7). As shown in the
kymograph of Figure 4E, TeNT HC carriers were immo-
bile or displayed short-range oscillatory movements,
suggesting that, despite the association of Rab7wt with
a discrete subset of TeNT HC transport compartments,
Rab7 activity was required for the retrograde transport
of the whole population of TeNT HC carriers. This block
was specific, since mitochondrial morphology and dy-
namics were unaffected in GFP-Rab7N125I expressing
MN (Figure 4F and Movie S8).
The localization of Rab5 to oscillatory organelles and
Rab7 to long-range carriers suggested that Rab5 acts
upstream of Rab7 in the endocytic sorting of TeNT HC,
Neuron
298Figure 4. GFP-Rab7wt and TeNT HC Are
Cotransported in Retrograde Carriers
(A and B) GFP-Rab7wt is found in discrete
puncta along the axon and is transported
over long distances in MN. Individual frames
from a confocal time series (A) and the corre-
sponding kymograph (B) show GFP-Rab7wt-
positive carriers in a MN axon. Dotted lines
in (B) indicate two examples of transported
GFP-Rab7wt puncta. The MN soma is out of
view to the right. See also Movie S5.
(C) GFP-Rab7wt and TeNT HC are cotrans-
ported in retrograde carriers. Confocal time
series frames show a dual-positive GFP-
Rab7wt and Alexa 555-TeNT HC carrier mov-
ing along a MN axon (arrows). The MN soma
is out of view to the right. See also Movie S6.
(D) GFP-Rab7wt/TeNT HC carriers represent
a discrete pool of retrograde transport organ-
elles, as shown by comparing the speed pro-
file of the total population of TeNT HC carri-
ers (black circles; 1039 single movements,
126 carriers) with the double-positive GFP-
Rab7wt/TeNT HC organelles (gray bars; 418
single movements, 52 carriers). Speed pro-
files were assembled by binning the speed
values using a 0.2 mm/s window and cal-
culating the relative frequencies. Retrograde
transport is conventionally shown as positive,
and pauses during movement are grouped
at 0 mm/s.
(E and F) MN were injected with the domi-
nant-negative GFP-Rab7N125I mutant (in
green) for 18 hr and then incubated with Alexa
647-TeNT HC (E) and TMRE (F) for 30 min at
37C. Under these conditions, TeNT HC
puncta were oscillatory or stationary, as
shown in the kymograph (E) (see Movie S7),
while mitochondrial motility was not affected
(F) (see Movie S8). Selected optical sections
of axons are shown on top of the kymo-
graphs. The soma is out of view to the right.
Scale bars, 5 mm.as has been established for other ligands in different cell
types (Chavrier et al., 1990; Lakadamyali et al., 2006;
Rink et al., 2005; Vonderheit and Helenius, 2005). To ver-
ify this hypothesis, we incubated MN with TeNT HC for
15 min, a time point before the onset of retrograde trans-
port, or 60 min, at which time retrograde transport is well
under way. Cells were then fixed and stained for endog-
enous Rab5 or Rab7. Quantification of double-positive
structures showed that after 15 min of internalization
33.4% of the TeNT HC vesicles labeled for Rab5 (n =
602) while only 15.5% were also positive for Rab7 (n =
568). However, after 60 min of continuous incubation
with the toxin, the percentage of TeNT HC organelles
containing Rab7 increased to 28% (n = 719), whereas
the proportion of Rab5/TeNT HC structures remained
unchanged (29.6%; n = 601) (Table S2).
Taken together, these results indicate that Rab5 and
Rab7 act in a sequential manner in the biogenesis and
progression of axonal retrograde carriers. Rab5 is im-
portant for the early sorting of TeNT HC, probably at a
step following internalization but preceding transport,
whereas Rab7 controls a later event, ensuring the move-
ment of these organelles or determining the onset of
transport itself. Despite its localization to a discrete
pool of TeNT HC carriers, Rab7 is indeed required forthe integrity of TeNT HC retrograde transport as a whole,
suggesting its involvement in a primary regulatory event
of this pathway.
Functional Rab7 Is Required for Neurotrophin
Receptor Transport
Since we had shown above that TeNT HC shares a trans-
port compartment with both p75NTR and TrkB (Figure 1),
we tested whether neurotrophin receptor transport was
also regulated by Rab7. First, we looked at the transport
of endogenous p75NTR or TrkB-RFP in GFP-Rab7wt-
expressing MN. To this end, MN were injected with
a GFP-Rab7wt plasmid and, upon expression, incubated
with Cy3-labeled anti-p75NTR(EC). Axonal transport of
the labeled antibody was triggered by addition of NGF.
Alternatively, MN were injected with GFP-Rab7wt and
TrkB-RFP, incubated with TeNT HC, and imaged. As
expected, GFP-Rab7wt was detected on a subset of
p75NTR-positive moving structures (31% of p75NTR-
containing carriers) (Figure 5A and Movie S9) and on
a subpopulation of retrograde TrkB-RFP carriers (28%;
Figure 5B and Movie S10). In a similar way to TeNT HC,
expression of GFP-Rab7N125I led to the almost complete
blockade of the transport of both p75NTR and TrkB-RFP
(Figures 5C and 5D).
Rab5 and Rab7 Regulate Axonal Transport
299Figure 5. Rab7 Regulates the Long-Range
Axonal Retrograde Transport of Neurotro-
phin Receptors
MN were injected with GFP-Rab7wt (in green)
(A) or GFP-Rab7N125I (C) or GFP-Rab7wt and
TrkB-RFP (in red) (B) or GFP-Rab7N125I and
TrkB-RFP (D). Samples were incubated with
Cy3-labeled anti-p75NTR(EC) (in red) and
100 ng/ml NGF (A and C) or 40 nM TeNT HC
(B and D) and imaged. Frames were acquired
every 5 s. Shown are kymographs of Movies
S9 and S10. Cell bodies are out of view to
the right. Arrowheads show the beginning
and end of the trace of a single-positive
p75NTR carrier (A) or a TrkB carrier (B). Aster-
isks indicate the trace of double-positive
organelles. Scale bars, 5 mm.The observation that inhibiting Rab7 activity blocks
the retrograde transport of neurotrophin receptors led
to the question whether expression of Rab7N125I also in-
terferes with known nuclear responses to neurotrophin
signaling. To test this hypothesis, we expressed GFP-
Rab7wt or GFP-Rab7N125I in MN, mass treated them
with BDNF, and then monitored activation of the tran-
scription factor CREB. While serum- and neurotrophin-
starved cells showed minimal CREB phosphorylation
(Figure 6A, top panel, asterisks), exposure to BDNF trig-
gered CREB activation in MN (Figure 6A, middle and
bottom panels, asterisks). Expression of either GFP-
Rab7wt or GFP-Rab7N125I did not alter the activation
of CREB by BDNF (Figure 6A, bottom panel, arrow),
as confirmed by quantification of phospho-CREB (p-
CREB) in control, GFP-Rab7wt, or GFP-Rab7N125I ex-
pressing MN (Figure 6B). This observation is in agreement
with previous results obtained for NGF signaling in PC12
cells (Saxena et al., 2005a) and suggests that interfering
with Rab7 function in MN is not sufficient to block the
nuclear response to mass neurotrophin stimulation.
Rabs and Axonal Retrograde Transport
in Sensory Neurons
One question emerging from these findings is whether
the axonal transport features described above are spe-
cific for MN or are conserved in other neuronal types. A
previous study suggested that in DRG, axonal endo-
somes containing NGF were positive for Rab5 (Delcroix
et al., 2003). Since TeNT HC is also taken up by sensory
neurons in vivo (Meckler et al., 1990; Stockel et al., 1975),
we used this probe to examine long-range axonal trans-
port in adult DRG. TeNT HC bound preferentially to large
and medium diameter neurons (soma R 10 mm), whichhave been reported to express p75NTR and Trk receptors
(Tucker et al., 2005). Accordingly, of the DRG that bind
TeNT HC, 85% were positive for p75
NTR, 87% for TrkB,
and 66% for TrkA (data not shown).
First, we imaged transport of TeNT HC together with
anti-p75NTR(EC). Just like in MN, both probes were
transported exclusively in the retrograde direction and
largely colocalized (83% overlap, n = 91 TeNT HC car-
riers; Figure 7A), suggesting that TeNT HC enters the
neurotrophin receptor transport route also in DRG. We
then assessed the dynamics of Rab5 and Rab7 in these
neurons. Similarly to the pattern observed in MN, GFP-
Rab5wt displayed a punctate distribution along the
axon (Figure 7B), and live imaging revealed that these
compartments were stationary or underwent short-
range movements (Figures 7B and 7C and Movie S11).
Some of the stationary TeNT HC structures were positive
for GFP-Rab5wt (data not shown), but carriers did not
contain this marker (Figure 7B, arrows). In contrast,
GFP-Rab7wt-containing organelles, some of which
were positive for TeNT HC, displayed long-range axonal
transport, which was strongly retrogradely biased (Fig-
ure 7D, arrows, Figure 7E, and Movie S12). The dynam-
ics of GFP-Rab5 and GFP-Rab7 organelles were similar
in TeNT HC-negative DRG (data not shown).
These results demonstrate that TeNT HC enters an en-
docytic pathway used by components of the neurotro-
phin signaling cascade to undergo axonal retrograde
transport in MN and DRG. This pathway requires the
concerted activities of Rab5 and Rab7 during sorting
steps prior to, or at the onset of, the movement of
axonal carriers, suggesting a role for Rab7 as a general
regulator of endocytic long-range axonal retrograde
transport.
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Rab5 and Rab7 Regulate a Fast Axonal
Retrograde Pathway
The use of bacterial protein toxins has allowed the mo-
lecular characterization of several cellular pathways
(Schiavo and van der Goot, 2001). In this study, we dem-
onstrate that the binding fragment of TeNT enters a ret-
rograde transport route used by neurotrophins as well
as TrkB and p75NTR, thus suggesting that this probe is
a functional marker for the axonal trafficking of neurotro-
phins and their receptors. The nature and regulation of
these transport pathways are of crucial interest since
their impairment has been linked to neurodegeneration
(Guzik and Goldstein, 2004; Holzbaur, 2004). Using para-
Figure 6. Expression of GFP-Rab7N125I Does Not Impair BDNF-
Dependent CREB Activation
MN were microinjected with plasmids encoding GFP-Rab7wt or
GFP-Rab7N125I. After 12–14 hr of expression, cells were starved for
5 hr and then stimulated with 2 ng/ml BDNF. Cells were stained
for p-CREB, fixed, and imaged. (A) Starved MN nuclei do not label
for p-CREB (top panel, asterisks). Treatment with BDNF activates
CREB in control cells (middle and bottom panels, asterisks) as
well as in GFP-Rab7wt- (middle panel, arrows) and GFP-Rab7N125I-
expressing MN (bottom panel, arrows). Scale bar, 50 mm. (B) Quan-
tification of CREB activation expressed as a box and whiskers
diagram (a versus b, c, and d, p % 0.002; b versus c and d, p R
0.05). Numbers in brackets indicate the MN observed per condition.magnetic beads linked to TeNT HC, we have purified in-
tact retrograde carriers from MN and identified Rab7 as
an essential component of these organelles. We show
that the sequential activities of Rab5 and Rab7 are re-
quired for coupling specialized clathrin-dependent en-
docytosis to fast retrograde axonal transport (Figure 8).
In particular, we observe Rab5 associated with station-
ary or oscillatory organelles, whereas Rab7 localizes to
a subpopulation of moving compartments. Despite this
localization to a specific pool of TeNT HC carriers, im-
pairment of Rab7 function leads to a complete blockade
of TeNT HC transport, implying a tight control by Rab7
on a step that precedes or coincides with the recruit-
ment of the carriers onto cytoskeletal tracks.
Conversion from Rab5 to Rab7 is emerging as an im-
portant mechanism of cargo progression from early to
late endosomes. Two models have been recently pro-
posed whereby Rab7 is targeted to endosomal struc-
tures during endocytic maturation either in presence of
Rab5 (Vonderheit and Helenius, 2005) or when Rab5 dis-
sociates from these structures (Rink et al., 2005). This
progression from Rab5- to Rab7-positive endosomes
is also critical for the entry of various infectious agents,
such as HIV (Vidricaire and Tremblay, 2005) and Semliki
virus (Vonderheit and Helenius, 2005). Our observations
that Rab5-positive puncta are mostly stationary,
whereas Rab7 is present in moving organelles, suggest
that Rab5 acts upstream of Rab7 and that the conversion
from Rab5- to Rab7-positive structures could control the
generation of axonal retrograde carriers (Figure 8). This
model involving a Rab cascade in the regulation axonal
transport is further supported by the fact that the recruit-
ment of Rab7 on TeNT HC-containing organelles in-
creases over time after internalization (Table S2).
Recent evidence indicates that two populations of
Rab5-positive early endosomes exist: a smaller group
that is highly dynamic and matures rapidly by acquiring
Rab7 and a larger one displaying low mobility, which
matures slowly (Lakadamyali et al., 2006). This latter
population resembles the GFP-Rab5wt-positive struc-
tures observed in MN, which show very localized move-
ment and do not shed GFP-Rab5wt during the time of
imaging. The slow maturation of TeNT HC-containing
stationary endosomes is in agreement with the ob-
served 45 min delay between uptake and onset of trans-
port (Figure 8) and with the lag phase reported for the
appearance of 125I-NGF in the soma of sympathetic neu-
rons (Claude et al., 1982; Ure and Campenot, 1997). In
contrast, the highly dynamic population, which rapidly
acquires Rab7, preferentially contains cargo targeted
for degradation (Lakadamyali et al., 2006). This is in
agreement with the fact that Rab7-positive organelles
have been described so far as acidic (Figure 4F) (Gruen-
berg and Maxfield, 1995). In contrast, TeNT HC carriers
display a neutral pH and, similar to NGF-containing axo-
nal organelles (Ure and Campenot, 1997) and p75NTR-
positive endosomes in PC12 cells (Bronfman et al.,
2003), follow a nondegradative route in MN axons (Boh-
nert and Schiavo, 2005; Lalli and Schiavo, 2002). This
new role for Rab7 in axonal retrograde transport adds
to the diverse cellular functions attributed to this small
GTPase, from the regulation of the trafficking between
late endosomes and lysosomes to autophagosome
maturation, growth factor-dependent cell nutrition, and
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301Figure 7. Rab Dynamics and Axonal Retro-
grade Transport in DRG
(A) TeNT HC and p75
NTR are cotransported in
DRG. Cells were incubated with Alexa 647-
TeNT HC (in green) and Cy3-labeled anti-
p75NTR(EC) (in red) and imaged. Frames
were taken every 5 s.
(B and C) DRG were injected with GFP-
Rab5wt, incubated with Alexa 647-TeNT HC,
and imaged by time-lapse microscopy.
Shown are four consecutive frames, taken
every 5 s (B). Arrows indicate a TeNT HC car-
rier, asterisks a stationary GFP-Rab5wt com-
partment. See also Movie S11.
(C) Kymograph of the green channel of Movie
S11. All GFP-Rab5wt compartments show re-
stricted local movement.
(D and E) DRG were injected with GFP-
Rab7wt, incubated with Alexa 647-TeNT HC,
and imaged. (D) Shown are four consecutive
frames taken every 5 s. Arrows indicate
a dual-positive TeNT HC and GFP-Rab7
wt
carrier. See also Movie S12. (E) Kymograph
of the green channel of Movie S12. GFP-
Rab7wt organelles show retrogradely biased
long-range axonal transport. MN soma are
out of view to the right. Scale bars, 5 mm.apoptosis (Bucci et al., 2000; Gutierrez et al., 2004; Har-
rison et al., 2003; Ja¨ger et al., 2004; Snider, 2003).
Rabs and the Signaling Endosome
A previous report suggested a role for Rab5 and its ef-
fector EEA1 in the retrograde transport and signalingof NGF in embryonic DRG and sciatic nerve (Delcroix
et al., 2003). In MN, we found EEA1 in the soma and den-
drites, but not in axons, consistent with previous reports
on EEA1 distribution in hippocampal neurons (Wilson
et al., 2000). This restricted localization might explain
the absence of enlarged endosomes from axons ofFigure 8. A Specific Endocytic Pathway
Coupled to the Retrograde Transport Route
in MN
Upon internalization via clathrin-mediated
endocytosis, TeNT HC is sorted toward the
retrograde transport route. It first transits
through a Rab5-positive, stationary compart-
ment and subsequently progresses to a
Rab7-positive moving compartment. This
process is slow, since moving carriers be-
come evident only after about 45 min after
the addition of TeNT HC. The Rab7-positive
sorting vesicles generate both Rab7-positive
intermediate speed carriers and Rab7-nega-
tive fast carriers. The transport pathway of
TeNT HC is shared by the neurotrophin recep-
tors p75NTR and TrkB, as well as their ligands
NGF and BDNF, although it is presently
unclear at which stage these pathways
converge.
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302GFP-Rab5Q79L expressing MN but makes it unlikely that
EEA1 plays a role in axonal transport. As proposed by
Delcroix et al. (2003) for the propagation of the NGF-de-
pendent signal, our study suggests that functional Rab5
is indeed essential for the progression of TeNT HC retro-
grade compartments along the endocytic pathway.
However, since Rab5-positive puncta were found to un-
dergo localized axonal movement in MN and DRG, we
concluded that Rab5 activity is required during a step
preceding long-range axonal transport.
In contrast, Rab7, which was detected in MN and DRG
axons, localizes to a subpool of TeNT HC carriers as well
as p75NTR and TrkB compartments. Impairment of its
activity inhibits specifically the movement of TeNT HC,
p75NTR, and TrkB-containing carriers, which also recruit
p-Erk1/2. Based on these observations, Rab7 might act
as a central regulator of neurotrophin transport and/or
signaling in neurons. Rab7-positive structures indeed
contain numerous players of the neurotrophin signaling
pathway, such as TrkA (Saxena et al., 2005b) and atypi-
cal PKC (Samuels et al., 2001). In PC12 cells, Rab7 im-
pairment has been shown to induce the endosomal ac-
cumulation of TrkA. Surprisingly, this did not lead to
a decrease of NGF signaling, but to its enhancement,
with an increase in TrkA and Erk1/2 phosphorylation
and stimulation of neurite outgrowth in PC12 cells (Sax-
ena et al., 2005a). Similarly, Rab7 inhibition in MN, with
the consequent blockade of the retrograde transport
of neurotrophins, did not alter the nuclear activation of
CREB upon global exposure to BDNF. However, in our
experimental system we cannot distinguish whether
CREB activation was triggered by distal signals propa-
gated in spite of the blockade of retrograde transport
or generated within the somatodendritic compartment.
A previous study reported that NGF internalization was
not required for CREB-mediated survival in PC12 cells
(Zhang et al., 2000). Since it is unclear whether a similar
mechanism exists for BDNF signaling, we cannot ex-
clude that the activation of CREB by BDNF might be trig-
gered directly from the MN cell surface.
Previous studies showed that p75NTR is proteolytically
processed upon activation and one of the generated
fragments has signaling capability (Grob et al., 1985;
Kanning et al., 2003), raising concerns on the integrity
of the transported p75NTR in MN axons. However, we
found that full-length p75NTR was associated with
TeNT HC vesicles, suggesting that this receptor is pres-
ent as an intact protein on these axonal organelles and
that at least a portion is transported toward the soma
without undergoing proteolytic cleavage (Johnson
et al., 1987). Given the high number of interacting part-
ners, these contrasting observations suggest that
p75NTR may undergo a different processing and trigger
different signaling cascades depending on the activat-
ing stimulus.
Axonal Transport and Neurodegenerative Diseases
The integrity of the axonal transport machinery is essen-
tial for neuronal survival. Mutations affecting motor pro-
teins or factors regulating microtubule stability have
been linked to MN degeneration (Guzik and Goldstein,
2004; Holzbaur, 2004). In light of the role of Rab5 and
Rab7 in the regulation of axonal transport, a prediction
emerging from our studies is that an impairment of theiractivity may lead to neuronal defects. This is indeed the
case, since an early-onset form of amyotrophic lateral
sclerosis (ALS) is due to loss-of-function mutations in
the ALS2 gene, coding for a Rab5-specific guanine-
nucleotide exchange factor termed alsin (Devon et al.,
2006; Hadano et al., 2006). Moreover, mutations in
Rab7 have been shown to cause the motor and sensory
neuropathy type IIB, also known as Charcot-Marie-
Tooth type 2B (CMT2B) (Houlden et al., 2004; Verhoeven
et al., 2003).
Our findings demonstrating a crucial role for Rab5 and
Rab7 in endosomal sorting and axonal transport pave
the way for the study of the pathogenesis of neurode-
generative diseases such as ALS and CMT2B at the mo-
lecular level. Characterization of other factors identified
using our magnetic isolation strategy, combined with
retrograde transport assays in MN, will allow us to un-
cover more players in the network of interactions linking
axonal transport, the endocytic machinery and neuronal
survival. In this regard, it is worth noting that a complex
containing Hsp70 and Hsp90, both found in our proteo-
mic analysis, have been shown to regulate Rab-GDI ac-
tivity (Sakisaka et al., 2002) and, when overexpressed,
ameliorate the symptoms of motor neuron disease
(Adachi et al., 2003; Kieran et al., 2004).
Experimental Procedures
Materials
BDNF-GFP tagged at the carboxyl terminus with a cleavable His6 se-
quence was prepared using as template a plasmid kindly provided
by V. Lessmann (Johannes Gutenberg University, Mainz) and ex-
pressed in HEK293 cells (see the Supplemental Experimental Proce-
dures). The TrkB-GFP and TrkB-RFP encoding plasmids were a kind
gift from M.V. Chao (Skirball Institute, New York University).
Primary antibodies were used as follows: anti-Rab5 (Synaptic
Systems), 1:150 for IF, 1:1000 for WB; anti-Rab7 (see Figure S5
and Supplemental Experimental Procedures), 1:500 for IF, 1:1000
for WB; anti-p75NTR(EC) (see Figures S1A and S1B and Supplemen-
tal Experimental Procedures), 1:5000 for IF; Cy-3 conjugated anti-
p75NTR(EC), 1:500; anti-p75NTR(IC), 1:500 for WB (see Supplemental
Experimental Procedures); anti-TrkB (BD Transduction Laborato-
ries), 1:1000; anti-Erk1/2 and anti-pErk1/2 (Cell Signaling), 1:1000;
anti-pCREB (Cell Signaling), 1:500 overnight; anti-GFP (clone 3E1,
Cancer Research UK Monoclonal Facility), 1:1000; anti-BDNF (Santa
Cruz) 1:200.
Magnetic Isolation of the Axonal Retrograde Carriers
1.25 mg of colloidal paramagnetic iron beads coated with amino-
dextran (Fe beads) were incubated with 20 mM sulfo-EMCS for
1 hr at 22C in a final volume of 1.2 ml of PBS. Fe beads were loaded
on a 2 M sucrose cushion and spun at 265,0003 g for 17 min at 4C.
This step was repeated, and the final pellet was resuspended in
0.5 ml PBS. 0.9 nmoles of recombinant cysteine-tagged TeNT HC
(Lalli and Schiavo, 2002) or the PH domain of cytohesin I (mock
beads) were mixed with the activated Fe beads in the presence of
22-fold molar excess of tris[2-carboxyethylphosphine]hydrochlor-
ide in 1.25 ml of PBS and incubated for 16 hr at 4C. The reaction
was stopped by addition of 4 mM reduced glutathione for 20 min
on ice. TeNT HC-coupled Fe beads were washed in PBS, loaded
on a sucrose cushion, and spun twice as described above. Beads
were finally resuspended in 0.5 ml of HBSS and dialyzed overnight
against HBSS. In selected experiments, TeNT HC was labeled with
Alexa 488 prior to conjugation to Fe beads. Conditions were opti-
mized to incorporate 1 mole of dye per mole of TeNT HC, thus pre-
serving three of the four cysteines of the tag for the reaction with
activated Fe beads.
Preparative MN cultures were isolated from 20 to 25 mouse em-
bryos and plated onto 100 mm dishes. Prior to binding, mock or
TeNT HC-coupled Fe beads (1.25 mg of beads/dish) were diluted
Rab5 and Rab7 Regulate Axonal Transport
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polyornithine, and then centrifuged at 6200 3 g for 5 min at 4C to
remove aggregates. Precooled MN were incubated with Fe beads
for 1 hr on ice. After two washes in HBSS, 0.4% BSA, cells were in-
cubated at 37C in complete medium for 1 hr, cooled on ice, scraped
in 1 ml HBSS supplemented with a protease inhibitor cocktail
(Roche), and centrifuged at 1703 g for 5 min at 4C. After resuspen-
sion in breaking buffer (BB: 0.25 M sucrose, 10 mM HEPES-KOH [pH
7.2], 1 mM EDTA, 1 mM MgOAc, complete protease inhibitors,
Roche), MN were passed 15 times through a cell cracker (18 mm
clearance; EMBL) and centrifuged at 690 3 g for 10 min at 4C. AS
columns (Miltenyi Biotec) were equilibrated with BB, 0.4% BSA fol-
lowed by washing with BB. The column was placed inside the mag-
netic field of the SuperMACS II (Miltenyi Biotec), and the postnuclear
supernatant was loaded three times onto the column to maximize re-
covery. After washing with 20 ml of BB, the column was removed
from the magnetic field, and organelles associated with Fe beads
were serially eluted with 2 ml of BB containing either 100 mM or
300 mM KCl. Proteins were precipitated with 6.5% trichloroacetic
acid using 0.05% sodium deoxycholate as a carrier, solubilized,
and separated by SDS-NuPAGE (4%–12%; Invitrogen). Proteins
were silver stained, cut out, and after destaining, digested with tryp-
sin (Whitaker et al., 2004). Peptide mass fingerprinting was per-
formed using an ABI 4700 MALDI TOF-TOF (Applied Biosystems)
and the resulting sequences matched to the entries in the mouse
database. Some samples were analyzed by nano-LC MS/MS using
a quadrupole time-of-flight mass spectrometer (Micromass). For
Western blot analysis, the purification was carried out using MN cul-
tures derived from 16 rat embryos using buffers containing 100 mM
Na3VO4. Samples were separated by 10% SDS-PAGE.
Immunofluorescence and Axonal Retrograde Transport Assays
0.03–0.05 mg/ml of plasmids were microinjected into MN (DIV5–8) or
DRG (DIV2–4) as previously described (Deinhardt et al., 2006). Cells
were left to recover for 16–24 hr, unless otherwise indicated. MN
were then incubated with Alexa-TeNT HC (20–40 nM) or 0.2 mg/ml
Cy3-conjugated anti-p75NTR(EC), alone or together with 100 ng/ml
NGF or 40 nM TeNT HC, or partially purified BDNF-GFP (approxi-
mately 100 ng/ml) for 30 min at 37C in Neurobasal, washed three
times with E4 supplemented with 30 mM HEPES-NaOH (pH 7.4),
and either fixed or imaged after 15 min at 37C by time-lapse confo-
cal microscopy (Lalli and Schiavo, 2002). In some experiments, MN
were microinjected as described above, incubated with 40 nM Alexa
647-TeNT HC for 30 min and 30 nM TMRE for 5 min at 37
C before
washing with E4 containing 30 mM HEPES-NaOH (pH 7.4). For live
experiments using fluorescent TeNT HC-coupled Fe beads, MN
were first incubated with 80 nM Fe beads in HBSS, 0.2% BSA,
15 mg/ml polyornithine for 10 min at 4C, washed with HBSS, and
left in complete medium for 20 min at 37C. Cells were then washed
and imaged by time-lapse low-light microscopy. For internalization
assays, MN were incubated with biotinylated TeNT HC as described
previously (Deinhardt et al., 2006).
Image Analysis and Data Quantification
Images were acquired every 5 s over a total of up to 200 frames per
movie and analyzed as previously described (Lalli and Schiavo,
2002). Only moving carriers that could be tracked for at least four
time points were considered. The distance covered by a carrier be-
tween two consecutive frames (5 s), termed single movement, was
used to determine its instantaneous speed. A double-positive com-
partment was defined on the basis of the following criteria: (1) the
carrier was labeled in two different channels; (2) the morphology of
the carrier was very similar in the two channels; and (3) its speed
and direction were identical in the two channels for at least four
time points in a time series. Statistical analysis and curve fitting
were performed using Kaleidagraph (Synergy Software). Kymo-
graphs were generated using MetaMorph (Molecular Devices) after
rotation of the image stack to align the neuronal process vertically.
Horizontal single line-scans through the thickness of each process
were plotted sequentially for every frame in the time series.
Colocalization of TeNT HC and Rabs in fixed MN was quantified in
MetaMorph using the ‘‘manually count objects’’ option. For this, all
TeNT HC-positive structures were manually marked and automati-
cally counted, then the Rab channel was overlaid, and double-positive structures were highlighted and counted. The p-CREB
mean intensity was measured in MetaMorph and is given in arbitrary
units. Measurements were performed in p-CREB-stained MN im-
aged in nonsaturating conditions and using the same area of interest
in the nuclei, stained with Draq5TM (Alexis). Student’s t test was
performed using Kaleidagraph (Synergy Software).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/52/2/293/DC1/.
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